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WAVELENGTH-TUNABLE OPTICAL RING 
RESONATORS 

GOVERNMENT RIGHTS 

This invention was made with Government support under 
Contract No. DE-AC04-94AL85000 awarded by the U.S. 
Department of Energy. The Government has certain rights in 
the invention. 

FIELD OF THE INVENTION 

The present invention relates in general to photonic inte 
grated circuits, and in particular to wavelength-tunable opti 
cal ring resonators which can be used to form optical filters, 
modulators, Switches and detectors. 

BACKGROUND OF THE INVENTION 

Optical ring resonators (also termed microring resonators) 
can be used to filter, modulate and Switch optical signals. 
Mechanical and/or electrical contacts to a microring resona 
tor are essential for many applications. Such contacts, how 
ever, can perturb the resonant modes of light circulating in the 
microring resonators; and this can result in propagation losses 
of the light which can significantly reduce a quality factor (Q) 
of the microring resonator. This reduction in the Q of the 
microring resonator limits the utility of the resonator for 
many applications including communications where a large 
resonator Q is needed for narrowband filtering, Switching, or 
modulation. What is needed is a way of making low-loss 
mechanical and electrical connections to microring resona 
tors which preserves a large resonator Q and which also 
allows the microring resonator to be made with a small size to 
provide a large free-spectral range (FSR). 
The present invention provides a solution to these needs by 

providing optical ring resonator devices in which mechanical 
and/or electrical contacts are made from inside of each optical 
ring resonator therein so that the Q of each ring resonator is 
preserved and so that the size of each ring resonator can be 
reduced to as Small as 2-3 um radius. 

In certain embodiments of the present invention, an optical 
waveguide ring in the optical ring resonator device can have 
a non-uniform width which adiabatically varies between a 
maximum value and a minimum value. By contacting the 
optical waveguide ring from the inside thereof at a location 
near the maximum value of the width, the resonant modes of 
the light circulating in the optical waveguide ring is not Sub 
stantially perturbed. This allows either an electrical heater or 
a semiconductor junction to be located inside the optical 
waveguide ring for use in varying (i.e. tuning) a resonant 
frequency therein while maintaining a high resonator Q. 
The optical ring resonator devices of the present invention 

can be formed from silicon using conventional silicon inte 
grated circuit (IC) processes. This allows one or more of the 
devices of the present invention to be co-located on a conven 
tional silicon-on-insulator Substrate together with integrated 
electronic circuitry to provide a capability for optical signal 
routing, Switching, filtering and detection. 

These and other advantages of the present invention will 
become evident to those skilled in the art. 

SUMMARY OF THE INVENTION 

The present invention relates to an optical ring resonator 
apparatus which comprises an optical waveguide ring having 
a width which adiabatically varies with distance around the 
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2 
optical waveguide ring between a minimum value and a maxi 
mum value; at least one connecting member in contact with 
the optical waveguide ring at a location proximate to the 
maximum value of the width of the optical waveguide ring; 
and an optical waveguide located near the optical waveguide 
ring at a location proximate to the minimum value of the 
width of the optical waveguide ring to couple light between 
the optical waveguide and the optical waveguide ring. 
The optical waveguide ring can comprise materials such as 

silicon or silicon nitride. In some preferred embodiments of 
the present invention, the optical ring resonator apparatus can 
be formed a silicon-on-insulator Substrate which comprises a 
monocrystalline silicon body and a monocrystalline silicon 
layer sandwiched about a silicon oxide layer, with the optical 
waveguide ring, one or more connecting members and the 
optical waveguide all being formed from the monocrystalline 
silicon layer. 
One or more of the connecting members can be used to 

Suspend the optical waveguide ring above a Substrate in cer 
tain embodiments of the present invention (e.g. for sensing 
applications requiring mechanical or thermal isolation from 
the substrate). In other embodiments of the present invention, 
one or more connecting members can be used to provide an 
electrical connection to the optical waveguide ring. 
When the connecting members are used to provide an 

electrical connection to the optical waveguide ring, this elec 
trical connection can allow the resonant frequency of the 
optical waveguide ring to be varied (i.e. tuned) in response to 
a Voltage which is applied either to a semiconductor junction 
located within the optical waveguide ring itself, or to an 
electrical heater formed from a portion of the optical 
waveguide ring. The semiconductor junction can be a vertical 
semiconductor junction, which can be located, for example, 
proximate to the maximum value of the width of the optical 
waveguide ring. The semiconductor junction can be formed 
from two vertically-stacked (i.e. Superposed) regions of 
opposite doping types (i.e. n-type doping and p-type doping). 
Alternately, the semiconductor junction can be a horizontal 
semiconductor junction which is formed from two regions of 
opposite doping types (i.e. n-type doping and p-type doping) 
that can be arranged circumferentially around the optical 
waveguide ring. Each semiconductor junction can be electri 
cally connected to a pair of electrical contacts which are 
located inside of the optical waveguide ring. The pair of 
electrical contacts can comprise an n-type-doped plug and a 
p-type-doped plug and can further include the at least one 
connecting member. The electrical heater can comprise an 
impurity-doped region of the optical waveguide ring, and is 
also preferably located proximate to the maximum value of 
the width of the optical waveguide ring. In some cases, the 
electrical heater can extend into the minimum value of the 
width of the optical waveguide ring. 
The present invention further relates to an optical ring 

resonator apparatus which comprises one or more optical ring 
resonators Supported on a Substrate, with each optical ring 
resonator having a width which adiabatically varies with dis 
tance around the optical ring resonator between a minimum 
value and a maximum value of the width. A pair of electrical 
contacts are located inside of each optical ring resonator, with 
the pair of electrical contacts being connected to that optical 
ring resonator at a location proximate to the maximum value 
of the width thereof. One or more optical waveguides are also 
Supported on the Substrate outside of each optical ring reso 
nator at a location proximate to the minimum value of the 
width thereof. 

In certain embodiments of the present invention, each opti 
cal ring resonator can include a vertical semiconductor junc 
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tion formed from two vertically-stacked (i.e. Superposed) 
regions of opposite doping types (i.e. p-type doping and 
n-type doping). The vertical semiconductor junction can be 
connected to the pair of electrical contacts which are located 
inside of each optical ring resonator. This allows a bias Volt 
age applied between the pair of electrical contacts to vary the 
resonant frequency of each optical ring resonator. 

In other embodiments of the present invention, each optical 
ring resonator can include a horizontal semiconductor junc 
tion formed from two regions of opposite doping types (i.e. 
p-type doping and n-type doping) which are arranged in a 
circumferential direction around the optical ring resonator, 
with the horizontal semiconductor junction being connected 
to the pair of electrical contacts to vary a resonant frequency 
of the optical ring resonator in response to a bias Voltage 
applied between the pair of electrical contacts. 

In yet other embodiments of the present invention, an 
impurity-doped region (e.g. a p-type-doped region, or an 
n-type-doped region) can be located inside each optical ring 
resonator to form an electrical heater which can be used to 
heat at least a portion of the optical ring resonator and thereby 
vary the resonant frequency therein. The impurity-doped 
region can be connected to the pair of electrical contacts for 
electrical activation of the heater within the optical ring reso 
natOr. 

Each optical ring resonator can comprise, for example, 
silicon or silicon nitride. To form a silicon optical ring reso 
nator, a silicon-on-insulator (SOI) Substrate can be used 
which comprises a monocrystalline silicon body and a 
monocrystalline silicon layer sandwiched about a silicon 
oxide layer. Each optical ring resonator and each optical 
waveguide can then be formed from the monocrystalline sili 
con layer of the SOI substrate. 
The present invention also relates to an optical ring reso 

nator apparatus which comprises a Substrate on which one or 
more optical waveguides are Supported, with an optical ring 
resonator being located adjacent to each optical waveguide to 
couple light therebetween at a resonant frequency of the 
optical ring resonator. Each optical ring resonator can have a 
width which adiabatically varies with distance around the 
optical ring resonator between a minimum value and a maxi 
mum value of the width. Each optical waveguide can be 
located proximate to the minimum value of the width of one 
of the optical ring resonators. One or more impurity-doped 
regions are located within the optical ring resonator at a 
location which is generally proximate to the maximum value 
of the width of the optical ring resonator. A pair of electrical 
contacts can be located inside of the optical ring resonator and 
connected to eachimpurity-doped region to provide a Voltage 
thereto to vary the resonant frequency of the optical ring 
reSOnatOr. 

Each impurity-doped region can form an electrical heater 
in some embodiments of the present invention. In other 
embodiments of the present invention, a pair of impurity 
doped regions including a p-type-doped region and an n-type 
doped region can be Superposed one above the other to form 
a semiconductor junction (i.e. a p-n or p-i-n junction) which 
can be either a vertical semiconductor junction or a horizontal 
semiconductor junction depending upon whether the impu 
rity-doped regions are Superposed one above the other or are 
spaced about a circumference of the optical ring resonator. 
The Substrate can comprise a silicon-on-insulator Substrate 

having a monocrystalline silicon body and a monocrystalline 
silicon layer sandwiched about a silicon oxide layer. In this 
case, the optical ring resonator and each optical waveguide 
can be formed from the monocrystalline silicon layer. 
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4 
The present invention further relates to an optical ring 

resonator apparatus which comprises a Substrate; at least one 
optical waveguide Supported on the Substrate; an optical ring 
resonator located adjacent to each optical waveguide to 
couple light therebetween at a resonant frequency of the 
optical ring resonator, with the optical ring resonator having 
a hard outer sidewall which is curved to provide a closed-loop 
optical path for the light, and with the optical ring resonator 
having regions of n-type doping and p-type doping therein to 
form a semiconductorjunction to vary the resonant frequency 
in response to a bias Voltage applied across the semiconductor 
junction; and a pair of electrical contacts located within the 
optical ring resonator and connected to the regions of the 
n-type doping and the p-type doping to provide the bias 
Voltage across the semiconductor junction. 
The semiconductor junction can comprise a vertical semi 

conductor junction with the regions of n-type doping and 
p-type doping being Superposed one above the other. Alter 
nately, the semiconductor junction can comprise a horizontal 
semiconductorjunction with the regions of n-type doping and 
p-type doping being located side-by-side in a circumferential 
direction around the optical ring resonator. 
The electrical contact connected to the region of n-type 

doping can comprise an n-type-doped plug; and the electrical 
contact to the region of p-type doping can comprise a p-type 
doped plug. The Substrate can comprise a silicon-on-insulator 
Substrate having a monocrystalline silicon body and a monoc 
rystalline silicon layer sandwiched about a silicon oxide 
layer, with each optical ring resonator and each optical 
waveguide being formed from the monocrystalline silicon 
layer. 

Additional advantages and novel features of the invention 
will become apparent to those skilled in the art upon exami 
nation of the following detailed description thereof when 
considered in conjunction with the accompanying drawings. 
The advantages of the invention can be realized and attained 
by means of the instrumentalities and combinations particu 
larly pointed out in the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated into 
and form a part of the specification, illustrate several aspects 
of the present invention and, together with the description, 
serve to explain the principles of the invention. The drawings 
are only for the purpose of illustrating preferred embodiments 
of the invention and are not to be construed as limiting the 
invention. In the drawings: 

FIG. 1A shows a schematic plan view of a first example of 
an optical ring resonator apparatus according to the present 
invention. 

FIG. 1B shows a schematic cross-section view of the 
device of FIG. 1A along the section line 1-1 in FIG. 1A. 

FIG. 2A shows a schematic plan view of a second example 
ofan optical ring resonator apparatus according to the present 
invention. 

FIG. 2B shows a schematic cross-section view of the 
device of FIG. 2A along the section line 2-2 in FIG. 2A. 
FIG.3A shows a schematic plan view of a third example of 

an optical ring resonator apparatus according to the present 
invention. 

FIG. 3B shows a schematic cross-section view of the 
device of FIG. 3A along the section line 3-3 in FIG. 3A. 

FIG. 4A shows a schematic plan view of a fourth example 
ofan optical ring resonator apparatus according to the present 
invention. 
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FIG. 4B shows a schematic cross-section view of the 
device of FIG. 4A along the section line 4-4 in FIG. 4A. 

FIG. 5A shows a schematic plan view of a fifth example of 
an optical ring resonator apparatus according to the present 
invention. 

FIG. 5B shows a schematic cross-section view of the 
device of FIG. 5A along the section line 5-5 in FIG. 5A. 

FIG. 6A shows a schematic plan view of a sixth example of 
an optical ring resonator apparatus according to the present 
invention. 

FIG. 6B shows a schematic cross-section view of the 
device of FIG. 6A along the section line 6-6 in FIG. 6A. 

DETAILED DESCRIPTION OF THE INVENTION 

Referring to FIG. 1, there is shown a first example of an 
optical ring resonator apparatus 10 according to the present 
invention. This device 10 comprises a substrate 12 on which 
an optical waveguide ring 14 (also referred to herein as an 
optical ring resonator or simply as a ring resonator) is Sup 
ported. An optical waveguide 16 is also provided on the 
substrate 12 to evanescently couple light between the optical 
waveguide 16 and the optical waveguide ring 14. 

The Substrate 12 can comprise, for example, a monocrys 
talline silicon Substrate, or a monocrystalline silicon body of 
a silicon-on-insulator (SOI) substrate. The optical waveguide 
ring 14 and the optical waveguide 16 can comprise, for 
example, silicon (i.e. monocrystalline silicon) or silicon 
nitride. 

In the example of FIGS. 1A and 1B, the optical waveguide 
ring 14 has a non-uniform width which adiabatically varies 
between a minimum value18 (also termed a minimum width) 
and a maximum value 20 (also termed a maximum width). 
The minimum width 18 occurs at a location near the optical 
waveguide 16 and can be, for example, the same width as the 
optical waveguide 16. The maximum width 20 occurs away 
from the optical waveguide 16 at a location where one or more 
connecting members 22 can be provided to Suspend the opti 
cal waveguide ring 14 above the substrate 12. 

In the device 10 of FIGS. 1A and 1B, light 100 can be 
coupled into the optical waveguide at an input port 24 and 
transmitted to an output port 26. A portion 100' of the light 
100 at a resonant frequency of the optical waveguide ring 14 
(also referred to herein as resonant light) will also be coupled 
between the optical waveguide 16 and the optical waveguide 
ring 14 which acts as an optical ring resonator. This resonant 
light 100" circulates around the optical waveguide ring 14 in a 
so-called “whispering gallery' mode which is characterized 
by multiple reflections of the resonant light 100' off an outer 
sidewall 32 of the optical waveguide ring 14 as shown in FIG. 
1A. The resonant frequency will depend upon the circumfer 
ence of the optical waveguide ring 14. 

Selecting the minimum width 18 of the optical waveguide 
ring 14 can be used to restrict the resonant light 100' to a 
fundamental “whispering gallery' mode of oscillation and 
thereby prevent the occurrence of any higher-order “whisper 
ing gallery' modes. Oscillation in the fundamental “whisper 
ing gallery' mode is advantageous since this provides a maxi 
mum free-spectral-range (FSR) for a given size of the ring 
resonator 14 which is desirable for most applications. 

If the optical waveguide ring 14 in the example of FIG. 1 
were to be made with a uniform width throughout corre 
sponding to the minimum width 18, there would be a substan 
tial loss in transmission of the resonant light 100" at the 
location of each connecting member 22 due to a discontinuity 
in the waveguide of the ring 14 which would perturb the light 
100' circulating around the ring 14. This loss at the location of 
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6 
each connecting member 22 in a uniform width optical 
waveguide ring formed of monocrystalline silicon, as simu 
lated with a Finite-Difference Time-Domain simulation, can 
be about 36% for a waveguide ring with a uniform width of 
0.5um and an outer radius of 3 Jum. In such a uniform-width 
ring resonator, the calculated Q would be reduced to less than 
2OOO. 

On the other hand, by forming the optical waveguide ring 
14 as shown in FIGS. 1A and 1B with a non-uniform width 
which is adiabatically (i.e. smoothly) transitioned between 
the minimum width 18 and the maximum width 20 which is 
about twice the minimum width 18 and by placing the con 
necting members 22 at locations where the maximum width 
20 occurs, the simulated transmission loss can be reduced to 
0.1% for each connecting member 22. This essentially loss 
less contact between the connecting members 22 and the 
optical waveguide ring 14 maintains a high Q for the optical 
ring resonator 14 which can be about 10°. The large improve 
ment in device performance according to the present inven 
tion occurs even though the resonant light 100' must undergo 
multiple adiabatic mode expansions and contractions as the 
resonant light 100' propagates due to the Smoothly changing 
width of the optical waveguide ring 14. With the mode expan 
sions occurring at the locations of the connecting members 
22, the optical field of the light 100', although expanded, is 
located well away from an inner sidewall of the optical 
waveguide ring 14 So that there is substantially no interaction 
between the optical field and the connecting members 22. 
The optical ring resonator device 10 of FIGS. 1A and 1B 

provides an increased mechanical and thermal isolation from 
the Substrate 12 since the connecting members 22 which can 
be made with a very small width. The connecting members 22 
can also be made from a different material than the optical 
waveguide ring 14. As an example, when the optical 
waveguide ring 14 comprises silicon nitride, the connecting 
members 22 can comprise silicon dioxide or a silicate glass 
such as TEOS which can be deposited by chemical vapor 
deposition (CVD) from the thermal decomposition of tetra 
ethyl orthosilicate. As another example, when the optical 
waveguide ring 14 comprises monocrystalline silicon, the 
connecting members 22 can be initially made from this same 
material and then thermally oxidized to completely convert 
the members 22 into silicon dioxide while only partially 
thermally oxidizing the optical waveguide ring 14 to form a 
silicon dioxide cladding about a waveguide core of monoc 
rystalline silicon. 

In the optical ring resonator device 10 in the example of 
FIGS. 1A and 1B, the optical waveguide ring 14 is supported 
on a post 28 which can be formed, for example, of silicon 
nitride, silicon dioxide or a silicate glass such as TEOS. The 
optical waveguide 16 can also be supported on a pedestal 30 
which can be formed of the same material as the post 28 
which Supports the optical waveguide ring 14. 
The optical ring resonator device 10 of FIGS. 1A and 1B 

can beformed, for example, from a silicon-on-insulator (SOI) 
substrate. The SOI substrate comprises a monocrystalline 
silicon body which forms the substrate 12 in the completed 
device of FIGS. 1A and 1B. The SOI substrate also comprises 
a monocrystalline silicon layer which can be used to form the 
optical waveguide 16, the optical waveguide ring 14, the 
connecting members 22 and a top portion of the post 28. The 
monocrystalline silicon layer can be, for example, about 0.25 
um thick when the light 100 is at a wavelength of about 1.5 
um. Sandwiched between the monocrystalline silicon body 
and the monocrystalline silicon layer is a silicon oxide layer 
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which forms a bottom portion of the post 28 and the pedestal 
30 as shown in FIG. 1B. The silicon oxide layer can be, for 
example, 1-3 um thick. 

To form the device 10 of FIGS. 1A and 1B on an SOI 
substrate, the various elements 14, 16, 22 and 28 can be 
photolithographically defined and reactive ion etched into the 
monocrystalline silicon layer. One or more oxidation steps 
can then be performed at an elevated temperature in the range 
of about 950-1100° C. to remove any etch damage on side 
walls of the waveguides 14 and 16 and thereby smooth the 
sidewalls to reduce a propagation loss of the light 100. These 
oxidation steps convert a thin (about 5 nanometers) exposed 
Surface portion of the monocrystalline silicon layer used to 
form the optical waveguide 16 and the optical waveguide ring 
14 to silicon dioxide. A timed isotropic wet etching step 
comprising hydrofluoric acid (HF) with an etch mask to con 
trol an extent of the etching can then be used to remove the 
silicon oxide layer of the SOI substrate from beneath the 
optical waveguide ring 14 while leaving a portion of this 
silicon oxide layer to form the lower portion of the post 28 and 
also to form the pedestal 30 beneath the optical waveguide 16. 
When silicon nitride is used to form the optical waveguide 

ring 14 and optical waveguide 16, a similar fabrication pro 
cess can be used with a silicon oxide layer (e.g. TEOS) 
blanket deposited over a silicon substrate 12 by CVD to a 
layer thickness which can be 1-3 um followed by CVD depo 
sition of a silicon nitride layer which can be about 0.25 um 
thick. After photolithographic definition and reactive ion 
etching of the silicon nitride layer to form the waveguides 14 
and 16, the connecting members 22 and the top portion of the 
post 28, an annealing step can be performed at a high tem 
perature of 1050-1200° C. for up to several hours to improve 
the light transmission in the silicon nitride optical waveguide 
16 and optical waveguide ring 14. Then, a timed isotropic wet 
etching step as described above can be used to remove the 
silicon oxide layer and define the lower portion of the post 28 
and the pedestal 30. 
The optical ring resonator device 10 in the example of 

FIGS. 1A and 1B can be used to forman optical resonator or 
an optical filter with a resonant frequency which depends 
upon a circumference of the optical waveguide ring 14. The 
device 10 of FIGS. 1A and 1B can also be used to form a 
sensor since anything which changes the circumference of the 
optical waveguide ring 14 can be sensed as a change in the 
resonant frequency. Thus, for example, temperature can be 
sensed using the device of FIGS. 1A and 1B and measuring 
the resonant frequency of the optical waveguide ring 14 using 
the light 100. Any change in temperature will expand or 
contract the optical waveguide ring 14 and thereby change the 
resonant frequency of the light 100 which is coupled into the 
optical waveguide ring 14. 
The term “optical ring resonator” as used herein is defined 

to be an optical resonator 14 which has a hard curved outer 
sidewall32 and a closed-loop optical path for light circulating 
therein. Thus, the term “optical ring resonator” as defined 
herein includes open-ring resonators 14 which can have an 
annular shape which can be circular, elliptical or oval. The 
term "optical ring resonator” as defined herein also includes 
ring resonators 14 having a disk shape. 
The term "hard' used herein with reference to the outer 

sidewall 32 is defined as an outer sidewall 32 which is vertical 
(i.e. substantially perpendicular to a plane of the substrate 12) 
without any steps in the outer sidewall 32 which are horizon 
tal (i.e. substantially parallel to the plane of the substrate 12). 
Such a “hard outer sidewall 32 can be formed by etching 
completely through a layer of a material (e.g. silicon or silicon 
nitride) wherefrom the optical ring resonator 14 is formed. A 
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8 
“hard' outer sidewall 32 is advantageous since it provides a 
maximum refractive index difference An between the mate 
rial used to form the optical ring resonator 14 (e.g. silicon or 
silicon nitride) and a lower-index material (e.g. Vacuum, a gas 
Such as air or dry nitrogen, or a dielectric material Such as 
silicon dioxide or a silicate glass) which is in contact with the 
outer sidewall 32 of the optical ring resonator 14. With a hard 
curved outer sidewall 32 for the optical ring resonator 14, a 
propagation loss of the light 100 within the resonator 14 is 
minimized so that the size of the resonator 14 can be made 
very Small (e.g. as Small as 2-3 um radius when the resonator 
14 is formed from monocrystalline silicon). 

FIGS. 2A and 2B schematically illustrate a second 
example of an optical ring resonator apparatus 10 formed 
according to the present invention. In this example of the 
present invention, an optical waveguide ring 14 is Supported 
on a substrate 12 with a pair of optical waveguides 16 eva 
nescently coupled to the optical waveguide ring 14 at a loca 
tion near a minimum width 18 of the optical waveguide ring 
14. In this embodiment, one half of the circumference of the 
optical waveguide ring 14 has the minimum width 18; and the 
other half of the circumference of the optical waveguide ring 
14 has a width which adiabatically increases to a maximum 
width 20 which can be about twice the minimum width 18 or 
O. 

An electrical heater 34 is located within the optical 
waveguide ring 14 proximate to the location of the maximum 
width 20 thereof. By locating the electrical heater 34 near the 
maximum width 20 of the optical waveguide ring 14 and on 
an inside edge thereof, any perturbation of the “whispering 
gallery' mode in the optical resonator 14 produced by the 
heater 34 and the connecting members 22, which are used to 
supply electrical power to the heater 34, is minimized so that 
a relatively large resonator Q of up to about 10 can be 
maintained in the optical ring resonator device 10. In other 
embodiments of the present invention, the electrical heater 34 
can extend into the minimum width 18 of the optical 
waveguide ring 14, although this may reduce the resonator Q 
depending upon a doping level of the ring 14 which is used to 
form the heater 34. 
The electrical heater 34 can comprise an impurity-doped 

region when the optical waveguide ring 14 is formed from 
monocrystalline silicon. The impurity-doped region is a 
region of the monocrystalline silicon which has been doped 
(e.g. by ion implantation) to a doping concentration generally 
in the range of 10'7-10' cm with a semiconductorimpurity 
dopant Such as boron (B), phosphorous (P) or arsenic (AS). 
This makes the impurity-doped region electrically resistive. 
When a voltage is applied between opposite ends of the 
electrical heater 34, heat will be generated directly within the 
impurity-doped region of the optical waveguide ring to 
directly heat the ring 14. This heating of the optical 
waveguide ring 14 changes an index of refraction therein via 
a thermo-optic effect so that an effective optical path for the 
light 100" circulating around the optical waveguide ring 14 is 
increased; and this changes the resonant frequency of the light 
100' in the ring 14. In monocrystalline silicon, the thermo 
optic coefficient dn/dT is relatively large (dn/dT=2.2x10" 
C.) so that for a temperature change AT-400° C. between 
“on” and “off” states of the heater 34, an index change An= 
(dn/dT)AT=0.09 will be produced. 

In the example of FIGS. 2A and 2B, electrical power can be 
Supplied to the heater 34 through a pair of connecting mem 
bers 22 which act as electrical contacts to the heater 34. The 
pair of connecting members 22 are both located inside of the 
optical waveguide ring 14 and can be formed from monoc 
rystalline silicon (i.e. a part of the monocrystalline silicon 



US 7,616,850 B1 
9 

layer of an SOI substrate) which has been doped with a higher 
level of impurity doping (e.g. 10'-10 cm with B, Por As) 
than the electrical heater 34 to provide a much lower resistiv 
ity so that the heat generation occurs primarily in the electri 
cal heater 34 and not in the connecting members 22. Addi 
tionally, to minimize the conduction of heat from the 
electrical heater 34 through the connecting members 22, the 
members 22 can be made relatively long and folded to fit 
inside the optical waveguide ring 14 (see FIG. 2A). 

In the example of FIGS. 2A and 2B, the optical waveguide 
ring 14 and optical waveguides 16 can be Supported above the 
substrate 12 on a layer 36 of a low-thermal-conductivity 
material Such as silicon dioxide or a silicate glass (e.g. 
TEOS). When the device 10 of FIGS. 2A and 2B is formed 
using a SOI substrate, the substrate 12 can comprise the 
monocrystalline silicon body of the SOI substrate, the layer 
36 can comprise the silicon oxide layer of the SOI substrate, 
and the various elements 14, 16, 22 and 34 can all be formed 
from the monocrystalline silicon layer of the SOI substrate 
with appropriate impurity doping as described above. 
A second layer 38 of a low-thermal-conductivity material 

Such as silicon dioxide or a silicate glass (e.g. TEOS) can be 
deposited over the optical waveguide ring 14 and optical 
waveguides 16 as shown in FIG. 2B. This second layer 38. 
which can be deposited by CVD, is useful to encapsulate the 
elements 14, 16, 22 and 34 and also to provide a support for 
wiring 40 (e.g. comprising aluminum) which can be used to 
supply electrical power to the heater 34. The second layer 38 
Supports the wiring 40 at a height of generally about 1 um or 
more above the optical waveguides 16 and optical waveguide 
ring 14 to limit attenuation of the light 100 in the ring reso 
nator 16 and optical waveguides 16 due to the presence of the 
wiring 40. As shown in FIG.2B, an opening 42 can be etched 
down through the second layer 38 and filled with a deposited 
metal via 44 (e.g. comprising tungsten) to connect the wiring 
40 to each connecting member 22. 

Direct heating the optical waveguide ring 14 using the 
integral heater 34 is advantageous to minimize any thermal 
spreading and also to minimize the electrical power and time 
required for changing the refractive index in the ring resona 
tor 14 via the thermo-optic effect. Computational simulations 
of the device 10 of FIGS. 2A and 2B indicate that several 
terahertz (THz) of tuning of the resonant frequency is pos 
sible on a time scale of less than 1 us with a power consump 
tion of about 5 microWatts (LW) per gigaHertz (GHz) of 
frequency tuning, and an overall power consumption on the 
order of 10 milliwatts (mW) or less. A further advantage of 
directly heating the optical ring waveguide 14 using a heater 
34 formed therein is that higher-order resonator devices 10 
based on the thermo-optic effect can be formed with two or 
more optical waveguide rings 14 located adjacent to each 
other. With the thermal spreading being minimized by locat 
ing the electrical heater 34 directly within the optical 
waveguide ring 14, the temperature in each ring resonator 14 
can be independently controlled for optimum performance. 
The minimal thermal spreading achieved by locating the elec 
trical heater 34 directly within the optical waveguide ring 14 
also reduces a thermal cross-talk between adjacent optical 
ring resonator devices 10 when such devices 10 are formed on 
a common Substrate 12 for use as optical filters, modulators or 
Switches. 

In other embodiments of the present invention, the layers 
36 and 38 can be removed except for a pedestal 30 located 
directly beneath the optical waveguide ring 14 and the optical 
waveguides 16 and a support 46 for the wiring 40. This can be 
done in a manner similar to that described previously with 
reference to FIGS. 1A and 1B by using a selective wet etchant 
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10 
to etch away the layers 36 and 38 except for the pedestals 30 
and the support 46. This is schematically illustrated in FIGS. 
3A and 3B, which shows a third example of the present 
invention where the wiring 40 is formed as an airbridge with 
one end of the wiring 40 being attached to the support 46 and 
another end of the wiring 40 being supported by the vias 44 
and connecting members 22. The wiring 40 can be, for 
example, 0.5um wide. 
The examples of FIGS. 2A, 2B and 3A, 3B can be used, for 

example, to form a wavelength-selective optical filter, modu 
lator, or Switch. Light 100 having one or more frequencies can 
be directed into one of the optical waveguides 16 as shown in 
FIGS. 2A and 3A, and a specific frequency of the light 100 
will be coupled into the optical waveguide ring 14 when that 
frequency corresponds to the resonant frequency of the opti 
cal resonator formed by the optical waveguide ring 14. The 
resonant frequency can be varied in the ring resonator 14 
using the thermo-optic effect by locally heating the optical 
waveguide ring 14 using the electrical heater 34. The resonant 
frequency will be filtered or switched out of the input light 
100 will not appear at the exit port 26 of this waveguide 16 
which is termed a thru port. Instead, the resonant frequency of 
the light 100 will be coupled through the ring 14 to a second 
waveguide 16 and will appear at the exit port 26' of this 
waveguide 16 which forms a drop port for the device 10. If the 
heating produced by the electrical heater 34 is switched on an 
off, the optical ring resonator devices 10 of FIGS. 2A, 2B and 
3A, 3B can form an optical switch to switch a particular 
frequency of the light 100 on and offbetween the thru port 26 
and the drop port 26'. And, by modulating the heating pro 
duced by the electrical heater 34, light 100 at the ports 26 and 
26' can be modulated. 

Although the examples of FIGS. 2 and 3 show a single 
heater 34, in other embodiments of the present invention, 
multiple heaters 34 can be provided in the optical waveguide 
ring 14. This can be done, for example, by providing two 
regions of maximum width 20 of the optical waveguide ring 
14 (see FIGS. 4A and 6A) and then locating an electrical 
heater 34 proximate to each region of the maximum width 20 
of the optical waveguide ring 14. The two electrical heaters 34 
can be electrically connected in series or in parallel. As 
another example, the impurity-doped region can extend 
around the entire circumference of the optical waveguide ring 
14 to form the electrical heater 36. This can be done, for 
example, during epitaxial growth, or via ion implantation or 
thermal diffusion. In this case, the voltage to the heater 36 can 
be applied through connecting members 22 located on oppo 
site sides of the ring 14 where the maximum width 20 can be 
provided. 

FIGS. 4A and 4B schematically illustrate a fourth example 
of an optical ring resonator apparatus 10 according to the 
present invention. In this example of the present invention, a 
vertical semiconductor junction 48 is formed in the optical 
ring resonator apparatus 10 to allow a resonant frequency 
therein to be varied. The resonant frequency can be varied by 
changing an effective index of refraction within a portion of 
an optical ring resonator 14 due to carriers (i.e. electrons and 
holes) which can be injected or depleted by a bias voltage 
applied to the vertical semiconductor junction 48. 

In the example of FIGS. 4A and 4B, the vertical semicon 
ductor junction 48 comprises two vertically-stacked (i.e. 
Superposed) regions of opposite doping types including a 
p-type-doped region 50 and an n-type-doped region 52. The 
two regions 50 and 52 can be formed, for example, by ion 
implantation of an impurity dopant into a monocrystalline 
silicon layer of an SOI substrate. The monocrystalline silicon 
layer can be, for example, about 0.26 um thick and can be 
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located above a silicon oxide layer 36 about 1 um thick. A 
monocrystalline silicon body of the SOI substrate can form 
the Substrate 12 for the device 10 of FIGS 4A and 4B. 

The vertical semiconductor junction 48 can be made by 
implanting boron (B) ions to form the p-type-doped region 50 
with a peak boron ion concentration of about 10" cm, and 
by implanting arsenic (AS) ions to form the n-type-doped 
region 52 with about the same peakion concentration. The ion 
energy used for implanting the Band AS ions can be selected 
so that the p-type-doped region 50 will beformed on one side 
of the vertical semiconductor junction (e.g. a top side thereof 
as shown in FIG. 4B) and so that the n-type-doped region is 
formed on the other side of the vertical semiconductor junc 
tion (e.g. on a bottom side thereofas shown in FIG.4B). As an 
example, the B ions can be implanted at an energy of about 
110 keV; and the AS ions can be implanted at an energy of 
about 380 keV. 
The implanted Bions will generally have a tail of lowerion 

concentration which extends into the n-type-doped region 52. 
and the implanted As ions will have a tail of lower ion con 
centration which extends into the p-type-doped region 50. An 
area of overlap of the lower-ion-concentration n-type and 
p-type tails can also form an intrinsic (i) region of the vertical 
semiconductor junction 48 between the p-type-doped region 
50 and the n-type-doped region 52. Thus, depending upon an 
ion implant profile for the p-type and n-type doping, either a 
semiconductorp-njunction or a semiconductorp-i-njunction 
can be formed in the device 10 of FIGS. 4A and 4B. 

In other embodiments of the present invention, the vertical 
semiconductor junction 48 can be formed by thermal diffu 
sion or by doping during epitaxial growth. As an example, an 
SOI substrate can be procured with a monocrystalline silicon 
layer of a first doping type (e.g. n-type doped), and an impu 
rity dopant of the opposite doping type (e.g. p-type) can be 
thermally diffused into the monocrystalline silicon layer to 
form the vertical semiconductor junction 48. As another 
example, a SOI substrate can be procured with a monocrys 
talline silicon layer of the first doping type, and another 
monocrystalline silicon layer of the opposite doping type can 
be epitaxially grown upon the monocrystalline silicon layer to 
form the vertical semiconductor junction 48. 

In the example of FIGS. 4A and 4B, the vertical semicon 
ductor junction 48 can be formed in a portion of the optical 
waveguide ring 14 which is located proximate to the maxi 
mum value20 of the width of the ring 14. This can be done, for 
example, by forming the vertical semiconductor junction 48 
in a quadrant of the optical waveguide ring 14 centered about 
the maximum value 20 of the width of the ring 14 as shown in 
FIG. 4A. The vertical semiconductor junction 48 can also be 
formed in each connecting member 22 and in a contact region 
54 located inside the ring 14 and connected to the ring 14 by 
the connecting members 22. Forming the Vertical semicon 
ductor junction 48 throughout the connecting members 22 
and contact region 54 is useful for electrically contacting the 
Vertical semiconductor junction 48 although this can increase 
a leakage current in the junction 48. In other embodiments of 
the present invention, the extent of the vertical semiconductor 
junction 48 in the connecting members 22 and contact region 
54 can be reduced to reduce the leakage current. 

In the contact region 54, additional ion implantation steps 
can be used to form a p-type-doped plug 56 and an n-type 
doped plug 58. These plugs 56 and 58, which have a much 
higher impurity doping level of about 10 cm, are used for 
electrically contacting each side of the vertical semiconduc 
tor junction 48. The p-type-doped plug 56, which can com 
prise B ions, can be implanted at an ion energy of about 35 
keV and extends down into the p-type-doped region 50 to 
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12 
form a low-resistance contact with this region. The n-type 
doped plug 58, which can comprise phosphorous (P) ions, can 
be implanted at an ion energy of about 40 keV and extends 
down into the n-type-doped region 52 to contact this region. 
After the ion implantation steps, a thermal annealing step at 
an elevated temperature of about 900° C. can be used to 
activate the implanted ions. 
A passivation layer 60 can then be blanket deposited over 

the substrate 12 and chemically-mechanically polished back 
to a layer thickness of about 0.9 um. This passivation layer 60, 
which can comprise TEOS deposited by a plasma-enhanced 
CVD (PECVD) process, encapsulates the optical waveguides 
16 and optical waveguide ring 14 to form a low-refractive 
index cladding about these elements, and also passivates the 
Vertical semiconductor junction 48. 

Openings 42 can then be reactive ion etched through the 
passivation layer 60 at the locations of the plugs 56 and 58 in 
preparation for depositing metal vias 44 (e.g. comprising 
tungsten) to connect the Vertical semiconductorjunction 48 to 
wiring 40 which will beformed on the passivation layer 60. In 
Some cases, the p-type-doped plug 56 and n-type-doped plug 
58 can beformed by implanting ions through the openings 42 
in the passivation layer 60. After the openings 42 in the 
passivation layer 60 are formed, an exposed surface of the 
monocrystalline silicon layer in each opening can be silicided 
using Sputter deposited layers of titanium and titanium nitride 
followed by a rapid thermal annealing step to convert these 
deposited layers into titanium silicide. The metal Vias 44 (e.g. 
comprising tungsten) can then be deposited to overfill the 
openings 42, and then a chemical-mechanical polishing step 
can be used to planarize the metal back to or slightly below the 
level of the passivation layer 60. The wiring 40 and contact 
pads (not shown), which can comprise aluminum or an alu 
minum alloy (e.g. Al-Cu) can then be blanket deposited over 
the surface of the passivation layer 60 and patterned by etch 
ing using a photolithographically-defined etch mask. 

Another passivation layer 62 can be deposited by PECVD 
to cover the wiring 40 and passivate the device 10. This 
passivation layer 62 can comprise, for example, about 1 um of 
a phosphorous glass which can be blanket deposited over the 
substrate 12. The passivation layer 62 does not need to be 
planarized after deposition. Openings can be etched through 
this passivation layer 62 to open up the contact pads (not 
shown) for making external electrical connections to the wir 
ing 40. 
The dimensions of the device 10 of FIGS. 4A and 4B can be 

similar to the other examples of the present invention herein. 
The radius of the optical waveguide ring 14 can be, for 
example, 2-5 um with a thickness of, for example, 0.25-0.26 
um when the optical waveguide ring 14 and optical 
waveguides 16 are fabricated from the monocrystalline sili 
con layer of an SOI substrate. In this case, the minimum width 
18 of the ring 14 can be 0.55um, and the maximum width 20 
can be 1.05um. A spacing between each optical waveguide 16 
and the optical waveguide ring 14 for an evanescent coupling 
of the light 100 therebetween can be 0.15-0.35 um. Each 
connecting member 22 can be 0.5 um wide; and the contact 
region 54 can be elliptical with dimensions 1 umx2 um. Each 
optical waveguide 16 can have a width of 0.4-0.45um. 
The optical ring resonator device 10 of FIGS. 4A and 4B 

can be operated with a bias Voltage V connected to the wiring 
40 and applied across the vertical semiconductor junction 48. 
This voltage V can be used to vary the resonant frequency of 
the optical ring resonator 14 and thereby control the coupling 
of the light 100 between each optical waveguide 16 and the 
ring resonator 14. The bias voltage V can be either a reverse 
bias voltage which depletes carriers from the portion of the 
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ring resonator 14 occupied by the vertical semiconductor 
junction 48, or a forward-bias Voltage which injects carriers 
into the ring resonator 14 via the vertical semiconductor 
junction 48. 

Reverse-biasing of the ring resonator 14 with a reverse-bias 
Voltage V can change the resonant frequency therein as car 
riers are depleted from a depletion width about the vertical 
semiconductor junction 48. For an n-type and p-type dopant 
density of about 8x107 cm in the vertical semiconductor 
junction 48, device simulations with a three-dimensional 
(3D) finite element model of the optical ring resonator device 
of FIGS. 4A and 4B predict that the depletion width will be 
0.06 um for an applied reverse-bias voltage of V-0 Volts, and 
will increase to 0.12 um when the reverse-bias voltage V is 
-2.4 Volts, and will further increase to 0.15 um when the 
reverse-bias voltage V is -5 Volts. This depletion of carriers 
due to the applied reverse-bias voltage V increases an effec 
tive index of refraction in the ring resonator 14 which, in turn, 
increases the wavelength of the light 100 which is coupled 
into the ring resonator 14. 

Forward-biasing of the ring resonator 14 has the opposite 
effect of injecting carriers which decreases the effective index 
of refraction in the ring resonator 14 and thereby decreases 
the wavelength of the light 100 coupled into the ring resonator 
14. The variation in the resonant frequency of the optical ring 
resonator devices 10 described herein can be on the order of 
10 GHz for a reverse bias voltage V of -5 Volts applied to the 
Vertical semiconductor junction 48, and can on the order of 
100 GHz for a forward bias voltage V of +1 Voltapplied to the 
vertical semiconductor junction 48. The exact variation of the 
resonant frequency will depend upon a number of factors 
including the size of the resonator, whether the resonator is 
formed as a ring or as a disk, and the proportion of the 
resonator occupied by the vertical semiconductorjunction 48. 
The vertical semiconductor junction 48 can also be used in 

an optical ring resonator 10 having a disk shape. This is shown 
in a fifth example of the present invention in FIGS.5A and 5B 
which can be used as a wavelength-selective second-order 
filter, modulator or switch which provides a narrower pass 
band for filtering, modulation or Switching than can be 
achieved using only a single resonator 14 as in the optical ring 
resonator devices 10 of FIGS. 2-4. FIG. 5A shows a sche 
matic plan view of this device 10 which can include one or 
more pairs of optical ring resonators 14 and 14 with each pair 
of the optical ring resonators forming a separate channel 64 
for filtering, modulation or switching. FIG. 5B shows a sche 
matic cross-section view taken along the section line 5-5 in 
FIG. 5A for one of the optical ring resonators 14 and adjacent 
optical waveguides 16 and 16" to show the construction of this 
optical ring resonator device 10 of the present invention. 

Although not shown, an electrical heater 36 and a tempera 
ture sensor can be optionally added to the device 10 of FIGS. 
5A and 5B or to the other devices 10 described herein, with 
the heater 36 and temperature sensor being connected to 
additional wiring 40. In the example of FIGS.5A and 5B, the 
heater 36 can be formed in an interior portion of the optical 
ring resonators 14 and 14' in a space not occupied by the 
vertical semiconductor junction 48. Such a heater 36 is useful 
to tune the resonant frequency of the rings 14 and 14" to be 
substantially the same, or to stabilize the temperature of the 
rings 14 and 14", or both. The temperature sensor is useful to 
readout the temperature of each ring 14 and 14", and also for 
use in temperature stabilizing the rings 14 and 14'. The tem 
perature sensor can comprise, for example, a semiconductor 
junction or a resistor which is formed by ion implantation. 

In the example of FIGS. 5A and 5B, the optical resonator 
apparatus 10 is a multi-channel device which comprises a 
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plurality of channels 64, with each channel 64 further com 
prising two optical ring resonators 14 and 14' located side 
by-side between a pair of optical waveguides 16 and 16'. The 
optical waveguide 16 includes an input port 24 and an output 
port 26; and the optical waveguide 16' includes an input port 
24' and an output port 26'. This arrangement provides for 
four-port switching, filtering or modulation. Light 100 enter 
ing one or more of the input ports 24 and 24' can be filtered, 
modulated or switched by the channels 64 to emerge from one 
or more of the output ports 26' and 26. This switching, filter 
ing or modulation will occur for each frequency of the light 
100 which is resonant with the optical ring resonators 14 and 
14 in a particular channel 64. The resonant frequency of the 
ring resonators 14 and 14 in each channel 64 can also be 
independently tuned, as needed, to select the frequency of the 
light 100 to be switched, filtered or modulated by that channel 
64. In this fifth example of the present invention, the optical 
ring resonators 14 and 14' can beformed as disks (also termed 
microdisks), or alternately can be formed with an adiabati 
cally varying waveguide width as shown in the example of 
FIGS. 4A and 4B. 

In the microdisk optical ring resonators 14 and 14 in FIGS. 
5A and 5B, a vertical semiconductor junction 48 can be 
provided which covers a portion or the entirety of each disk 
shaped optical ring resonator 14 and 14'. The vertical semi 
conductor junction 48 can have an arbitrary shape. Although 
the microdisk optical ring resonators 14 and 14' in FIG. 5A 
are shown as being circular, those skilled in the art will 
understand that other shapes for the microdisk optical ring 
resonators 14 and 14' can be used including polygonal, ellip 
tical and oval shapes. 
The device 10 of FIGS. SA and SB can be fabricated as 

previously described, with each optical ring resonator 14 and 
14 in a particular channel 64 being formed substantially 
identically to provide substantially the same resonant fre 
quency therein. When the pair of optical ring resonators 14 
and 14" for each channel 64 are fabricated from monocrystal 
line silicon (e.g. using an SOI substrate) for operation at a 
wavelength near 1.5um, the ring resonators 14 and 14' in each 
channel 64 can be spaced apart by 0.35-0.5 um, for example. 
In this case, each resonator 14 or 14' can be spaced apart from 
an adjacent optical waveguide 16 or 16' by a distance of 
0.2-0.25 lum. The dimensions of the optical waveguides 16 
and 16' and the thickness of the optical ring resonators 14 and 
14 can be as previously described with reference to FIGS. 4A 
and 4B. 
By locating the electrical contacts comprising a p-type 

doped plug 56 and an n-type-doped plug 58 and vias 44 within 
each optical ring resonator 14 and 14' as shown in FIGS. 5A 
and 5B and the other examples of the present invention 
described herein, a hard curved outer sidewall 32 can be 
provided for each optical ring resonator 14 and 14' by com 
pletely etching down vertically through the material used to 
form the optical ring resonators 14 and 14' without forming 
any steps in the sidewall 32. This provides a much tighter 
mode confinement of the light 100 in the ring resonators 14 
and 14 than if that material (i.e. monocrystalline silicon or 
silicon nitride) were to be etched only partway through to 
form a stepped sidewall. The tighter mode confinement 
allows the use of a smaller radius for the optical ring resona 
tors 14 and 14' which can be made as small as 2-5 um when 
monocrystalline silicon is used for the ring resonators 14 and 
14'. This can substantially reduce the size of the various 
examples of optical ring resonator devices 10 of the present 
invention while, at the same time, Substantially increasing a 
free-spectral range (FSR) for the devices 10 and also reducing 
the electrical power required to operate the devices 10. As a 
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result, a larger number of devices 10 can be located on a 
common substrate 12. This is particularly important for wide 
band chip-to-chip and intrachip communication applications 
which may require a relatively large number of devices 10 to 
be arrayed on a common substrate 12 as an MXN optical 
crossbar switch where M is the number of optical inputs to the 
waveguides 16 and N is the number of channels 64. 

In the example of FIGS.5A and 5B, each channel 64 can 
act as an independent filter or Switch with a second-order 
pass-band which can be on the order of 40 GHz full-width at 
half maximum (FWHM) when the radius of the optical ring 
resonators 14 and 14 is 3 Lum. For these ring resonators 14 and 
14, the free-spectral range (FSR) is 4.2 THz (32.5 nm) which 
can allow forty channels 64 to be provided in the optical ring 
resonator apparatus 10 of FIGS.5A and 5B as a one-dimen 
sional (1-D) array, with adjacent channels 64 being spaced 
100 GHz apart. A switching time for the optical ring resona 
tors 14 and 14' in each channel 64 can be on the order of a few 
nanoseconds or less when carrier depletion or injection is 
used. To filter or switch the light 100 through a particular 
channel 64 the resonant frequency of the optical ring resona 
tors 14 and 14' in that channel 64 can be tuned near the center 
of the 40 GHz second-order pass-band for that channel 64. To 
block the transmission of light 100 through a particular chan 
nel 64, the resonant frequency of the optical resonators 14 and 
14 for that channel 64 can be tuned outside the pass-band for 
that channel 64 (e.g. to a frequency which is about half-way 
between adjacent channels 64). 

The device 10 of FIGS 5A and SB can also be used as a 
wavelength-selective optical modulator. In this mode of 
operation, the bias Voltage applied to the pair of optical ring 
resonators 14 and 14' can be amplitude modulated to vary the 
resonant frequency about the second-order pass-band for a 
particular channel 64 and thereby modulate the light 100 
which is transmitted through that channel 64 between the pair 
of optical waveguides 16 and 16'. 
The device 10 of FIGS. 5A and SB can be formed with an 

arbitrary number of optical waveguides 16 with a plurality of 
optical ring resonators 14 located between each adjacent pair 
of the optical waveguides 16 to form a two-dimensional (2-D) 
array optical ring resonator apparatus 10 to allow Switching of 
light 100 between the various optical waveguides 16. This 
will allow light 100 which is input to any of the optical 
waveguides 16 to be coupled into any other optical waveguide 
16 of the optical ring resonator apparatus 10. 

Since the device 10 of FIGS 5A and 5B and the other 
devices 10 described herein can be fabricated using conven 
tional silicon integrated circuit (IC) fabrication technology 
(e.g. CMOS technology), this will allow the various examples 
of the optical ring resonator devices 10 described herein to be 
integrated with electronic circuitry on the same Substrate 12. 
This is useful to provide a multi-channel optical filtering, 
modulation or Switching capability. Additionally, each opti 
cal ring resonator 14 can also be used as a photodetector to 
detect the light 100 coupled therein when that ring resonator 
14 includes a semiconductor junction. 

In the examples of FIGS. 4A, 4B and 5A, 5B, each optical 
ring resonator 14 can function as a photodetector when the 
vertical semiconductorjunction 48 is reverse-biased. This can 
be done using a direct-current (dc) bias Voltage. Reverse 
biasing the vertical semiconductor junction 48 extracts carri 
ers which are generated by absorption of a portion of the light 
100 in the vertical semiconductor junction 48 to produce an 
electrical output signal which is coupled to the wiring 40. The 
electrical output signal, which can be amplitude modulated, 
can be coupled out of the wiring 40, for example, by using a 
coupling capacitor. The magnitude of the bias Voltage can be 
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16 
adjusted to tune the resonant frequency of the optical ring 
resonator 14 to select a particular frequency of the light 100 
for detection. 

Those skilled in the art will understand that higher-order 
optical ring resonator devices 10 can be formed by inserting 
additional optical ring resonators 14 between the pair of ring 
resonators 14 and 14' in each channel 64 of the second-order 
device 10 shown in FIGS.5A and 5B. As an example, to form 
a fourth-order optical ring resonator device 10, two additional 
optical ring resonators 14 can be located between the pair of 
optical ring resonators 14 and 14 of each channel 64 in FIG. 
5A, with these additional ring resonators 14 being electrically 
connected to the wiring 40 in the same way as the pair of ring 
resonators 14 and 14' in FIG. 5A. 

FIGS. 6A and 6B schematically illustrate in plan view and 
in cross-section view, respectively, a sixth example of the 
optical ring resonator apparatus 10 of the present invention. In 
this example, a horizontal semiconductor junction 66 is 
located within the optical waveguide ring 14 at a location near 
the maximum width 20 of the ring 14. The horizontal semi 
conductor junction 66 comprises a p-type-doped region 50 
and an n-type-doped region 52 which are arranged circum 
ferentially around the ring resonator 14 as shown in FIGS. 6A 
and 6B. The two regions 50 and 52 can be formed, for 
example, by ion implantation using boron (B) as the p-type 
dopant and arsenic (AS) or phosphorous (P) as the n-type 
dopant. The p-type-doped region 50 and n-type-doped region 
52 can extend at least partway across the width of the optical 
ring resonator 14, and at least partway down into the resonator 
14 from an upper surface thereof. The horizontal semicon 
ductor junction 66 can be either a p-n or p-i-n junction 
depending upon a spacing between the two regions 50 and 52. 
Locating the p-type-doped region 50 and the n-type-doped 
region 52 side-by-side in a circumferential direction around 
the ring resonator 14 as indicated by the arrow in FIG. 6A 
allows the regions 50 and 52 to be electrically contacted from 
inside the ring resonator 14 using electrical contacts formed 
by the connecting members 22, the contact regions 54 and the 
plugs 56 and 58. Electrically contacting the regions 50 and 52 
from within the optical ring resonator 14 as shown in FIG.6A 
saves space, and minimizes any perturbation to the mode of 
the light 100 circulating around the ring resonator 14. 

Fabrication of the optical ring resonator device 10 of FIGS. 
6A and 6B can be performed in substantially the same manner 
as has been described with reference to FIGS. 4A and 4B 
using an SOI substrate having a monocrystalline silicon layer 
about 0.26 um thick. The optical waveguides 16 and the 
optical ring resonator 14 including the contact region 54 and 
the connecting members 22 can all be formed from the 
monocrystalline silicon layer. The ion implant energy for the 
p-type-doped region 50 and the n-type-doped region 52 can 
be selected so that these two regions 50 and 52 extend down 
ward through the monocrystalline silicon layer to about the 
same depth. Two separate contact regions 54 can be used as 
shown in FIG. 6A with each contact region 54 being oppo 
sitely doped. Each connecting member 22 can also be doped 
with the same p-type or n-type doping as the contact region 54 
to which it is connected. Each contact region 54 can also 
include a p-type-doped plug 56 oran n-type-doped plug 58 to 
provide a low-resistance electrical connection between the 
contact region 54 and a metal via 44 which extends upward 
through the passivation layer 60 to wiring 40. 

Fabrication of the optical ring resonator devices 10 
described herein is compatible with conventional CMOS IC 
fabrication so that electronic circuitry can be fabricated on the 
same Substrate 12 as the optical ring resonator devices 10. 
This can allow, for example, the devices 10 of the present 
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invention to be used for high-speed data transmission and 
signal routing in multi-cored microprocessors. 
The matter set forth in the foregoing description and 

accompanying drawings is offered by way of illustration only 
and not as a limitation. The actual scope of the invention is 
intended to be defined in the following claims when viewed in 
their proper perspective based on the prior art. 
What is claimed is: 
1. An optical ring resonator apparatus, comprising: 
an optical waveguide ring having a width which adiabati 

cally varies with distance around the optical waveguide 
ring between a minimum value and a maximum value; 

at least one connecting member in contact with the optical 
waveguide ring at a location proximate to the maximum 
value of the width of the optical waveguide ring; and 

an optical waveguide located near the optical waveguide 
ring at a location proximate to the minimum value of the 
width of the optical waveguide ring to couple light 
between the optical waveguide and the optical 
waveguide ring. 

2. The apparatus of claim 1 wherein the at least one con 
necting member Suspends the optical waveguide ring above a 
substrate. 

3. The apparatus of claim 1 wherein the at least one con 
necting member provides an electrical connection to the opti 
cal waveguide ring. 

4. The apparatus of claim 1 wherein the optical waveguide 
ring includes two vertically-stacked regions of opposite dop 
ing types which form a vertical semiconductor junction, with 
the vertical semiconductor junction being located proximate 
to the maximum value of the width of the optical waveguide 
ring and being electrically connected to a pair of electrical 
contacts located inside of the optical waveguide ring to vary a 
resonant frequency of the optical waveguide ring in response 
to a bias Voltage applied between the pair of electrical con 
tactS. 

5. The apparatus of claim 1 wherein the optical waveguide 
ring includes two regions of opposite doping types arranged 
in a circumferential direction around the optical waveguide 
ring to form a horizontal semiconductor junction, with the 
horizontal semiconductor junction being electrically con 
nected to a pair of electrical contacts located inside of the 
optical waveguide ring to vary a resonant frequency of the 
optical waveguide ring in response to a bias Voltage applied 
between the pair of electrical contacts. 

6. The apparatus of claim 1 further comprising an electrical 
heater formed from a portion of the optical waveguide ring. 

7. The apparatus of claim 6 wherein the portion of the 
optical waveguide ring wherefrom the electrical heater is 
formed comprises an impurity-doped region. 

8. The apparatus of claim 6 wherein a resonant frequency 
of the optical waveguide ring varies in response to a Voltage 
applied to the electrical heater. 

9. The apparatus of claim 1 further comprising a silicon 
on-insulator Substrate which comprises a monocrystalline 
silicon body and a monocrystalline silicon layer sandwiched 
about a silicon oxide layer, with the optical waveguide ring, 
the at least one connecting member and the optical waveguide 
all being formed from the monocrystalline silicon layer. 

10. An optical ring resonator apparatus, comprising: 
at least one optical ring resonator Supported on a Substrate, 

with each optical ring resonator having a width which 
adiabatically varies with distance around that optical 
ring resonator between a minimum value and a maxi 
mum value of the width: 

a pair of electrical contacts located inside of each optical 
ring resonator, with the pair of electrical contacts being 
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18 
connected to that optical ring resonator at a location 
proximate to the maximum value of the width thereof; 
and 

at least one optical waveguide Supported on the Substrate 
outside of the at least one optical ring resonator at a 
location proximate to the minimum value of the width of 
the optical ring resonator. 

11. The apparatus of claim 10 wherein the at least one 
optical ring resonator includes two vertically-stacked regions 
of opposite doping types which form a vertical semiconduc 
tor junction, with the vertical semiconductor junction being 
connected to the pair of electrical contacts to vary a resonant 
frequency of the at least one optical ring resonator in response 
to a bias Voltage applied between the pair of electrical con 
tactS. 

12. The apparatus of claim 10 wherein the at least one 
optical ring resonator includes two regions of opposite doping 
types arranged in a circumferential direction around the opti 
cal ring resonator to form a horizontal semiconductor junc 
tion, with the horizontal semiconductor junction being con 
nected to the pair of electrical contacts to vary a resonant 
frequency of the at least one optical ring resonator in response 
to a bias Voltage applied between the pair of electrical con 
tactS. 

13. The apparatus of claim 10 wherein the at least one 
optical ring resonator includes an impurity-doped region 
which forms an electrical heater and which is connected to the 
pair of electrical contacts to vary a resonant frequency of the 
at least one optical ring resonator in response to a Voltage 
applied between the pair of electrical contacts. 

14. The apparatus of claim 10 wherein the substrate com 
prises a silicon-on-insulator Substrate which includes a 
monocrystalline silicon body and a monocrystalline silicon 
layer sandwiched about a silicon oxide layer, with the at least 
one optical ring resonator and the at least one optical 
waveguide being formed from the monocrystalline silicon 
layer. 

15. An optical ring resonator apparatus, comprising: 
a Substrate; 
at least one optical waveguide Supported on the Substrate; 
an optical ring resonator located adjacent to each optical 

waveguide to couple light therebetween at a resonant 
frequency of the optical ring resonator, with the optical 
ring resonator having a width which adiabatically varies 
with distance around the optical ring resonator between 
a minimum value and a maximum value of the width: 

at least one impurity-doped region located within the opti 
cal ring resonator at a location proximate to the maxi 
mum value of the width of the optical ring resonator; and 

a pair of electrical contacts located inside of the optical ring 
resonator and connected to the at least one impurity 
doped region to provide a Voltage thereto to vary the 
resonant frequency of the optical ring resonator. 

16. The apparatus of claim 15 wherein each optical 
waveguide is located proximate to the minimum value of the 
width of the optical ring resonator. 

17. The apparatus of claim 15 wherein the substrate com 
prises a silicon-on-insulator Substrate having a monocrystal 
line silicon body and a monocrystalline silicon layer sand 
wiched about a silicon oxide layer, with the optical ring 
resonator and each optical waveguide being formed from the 
monocrystalline silicon layer. 

18. The apparatus of claim 15 wherein the at least one 
impurity-doped region forms an electrical heater. 

19. The apparatus of claim 15 wherein the at least one 
impurity-doped region comprises a p-type-doped region and 
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an n-type-doped region Superposed one above the other to 21. The apparatus of claim 15 wherein the pair of electrical 
form a vertical semiconductor junction. contacts comprises an n-type-doped plug and a p-type-doped 

20. The apparatus of claim 15 wherein the at least one plug. 
impurity-doped region comprises a p-type-doped region and 
an n-type-doped region spaced about a circumference of the 5 
optical ring resonator to form a horizontal semiconductor 
junction. 


